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ABSTRACT 



Present plans call for the building of seven nuclear power plants 
on the shores of Lake Michigan that will be in operation by 1975 gener- 
ating approximately 13,000 megawatts (thermal). The liquid wastes dis- 
charged to Lake Michigan from these facilities will contain minute 
quantities of radioactive elements. Accumulation of these radionuclides 
by aquatic organisms may damage the organisms or pose a radiological 
health hazard to man. Surveys of the aquatic environment near a nuclear 
facility must involve sampling of such monitor organisms in order to 
indicate the extent of damage to the environment and the severity of any 
health hazard to man. There is a need, therefore, to identify organisms 
th^t can be used as monitors of radionuclides released to Lake Michigan. 
Thijs investigation involves the evaluation of Pontoporeia af finis , a 



b^nthic amphipod native to Lake Michigan, as a monitor of radionuclides 
fcbund in radioactive wastes. 

A reviev; of published information on the ecology of P. af finis in 
Lake Michigan, and observations of recent sampling results revealed that 
the average standing crop of this benthic amphipod was approximately 13 g 
(wet weight) per m^, and that P. af finis was well distributed in almost 
all areas of the Lake Michigan benthic community. P. af finis exposed to 
dilute solutions of radioactive wastes from nuclear facilities accumu- 
lated radioactive strontium, manganese and zinc. Chemical analysis of 
whole P. af finis and lake water by atomic absorption spectrophotometry 
revealed that naturally occurring concentration factors (based on wet 
weight) for strontium, manganese and zinc in P. af finis were 260, 5,840 
and 3,540 respectively. Repeated exposure of P. af finis to low concen- 
trations (lO"" yCi/ml) of manganese -54 and zinc -85 indicated that 

quasi-equilibrium concentrations of these radionuclides were established 

-4 
in 10 days. Strontium -85 concentrations in P. affinis exposed 10 yCi/ml 

approached equilibrium values in 23 days. Variations within the limits 

normally encountered in the natural environment of temperature and pH 

did not significantly influence accumulation of radionuclides by P. affinis . 

The presence of natural sediments in the laboratory environments increased 

the rates of accumulation of manganese-54 and zinc-65 by P. affinis . 

Elimination of accumulated strontium-85, manganese-54 and zinc-65 by 

P. affinis was prolonged by the presence of radioactive sediment. It 

was observed that sterilization of natural sediments significantly reduced 

tl^e accumulation of manganese-54 and zinc-65 by P. affinis . It was 

concluded that P, affinis was a suitable monitor organism for manganese-54 

and zinc-65. 



Atomic absorption spectrophotometry was used to measure the con- 
centrations of strontium, manganese, and zinc in the flesh of Leuciscus 
cephalus (chubs), fish which feed almost exclusively on P. affinis . The 
equilibrium concentration factor for zinc in L, cephalus was 546. If 
equilibrium concentration of zinc-65 was realized in L. cephalus in water 
containing 10"* yCi/ml of zinc-65 a potential health hazard would exist 
for persons continuously consuming more than 4 g per day of contaminated 
fish flesh. Measurement of radioactivity in L. cephalus taken from an 
area near the Big Rock Nuclear Reactor revealed that present concentra- 
tions of radionuclides in L. cephalus were well below hazardous levels. 
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CHAPTER I 



INTRODUCTION 



At this writing a single installation, the Big Rock Point Nuclear 
Reactor, discharges liquid wastes containing small quantities of radio- 
activity into Lake Michigan. This power plant produces 240 megawatts 
(thermal) . It is expected that seven nuclear power plants situated on 
the shores of Lake Michigan will be operating by 1975, and will produce 
13,000 megawatts (Bennett 1968). The quantities of radioactive elements 
discharged to Lake Michigan waters will increase significantly. There is 
little doubt that the release rates from the facilities will be such that 
the concentration of any radioactive element in Lake Michigan water will 
not exceed that maximum permissible concentration (MPC) recommended for 
the population at large by the National Committee on Radiation Protection 
(NCRP) . However, the fate of these radionuclides in the aquatic eco- 
system and their possible radiological health significance resulting from 
physical and biological processes are not known. It is not acceptable 
that environmental scientists adopt a wait-and-see attitude. Such scien- 
tists are charged with the two-fold responsibility to protect man and the 
environment from harm due to radiation exposure. Therefore, environ- 
mental scientists are frequently engaged in experimentation which is 
Iritended to be predictive. Such is the nature of this investigation 



"Hjational Bureau of Standards Handbook 69, U. S. Dept. of 
Cc^merce, 1959. 



which involves laboratory measurements of accumulated radionuclides in 
P(j)ntoporeia af finis , a benthic amphipod native to Lake Michigan. The 



accumulation of a radionuclide results from its uptake, i.e. entry into 
an organism. Accumulation equals the difference between intake and loss, 
processes which occur simultaneously. 

Often the accumulation of radionuclides by aquatic organisms has 
revealed to investigators the existence of radiological health hazards. 
The accumulation of zinc-65 in oyster flesh reported by Preston (1967) 
is illustrative of this use of biological information. Merlini (1967) 
described the accumulation of manganese-54 by freshwater clams, and 
demonstrated their usefulness as indicators of environmental levels of 
this radionuclide. The present investigation answers the following 
ecologically important questions: 

1. Is Pontoporeia affinis a suitable monitor organism for radio- 
nuclides which may be released to Lake Michigan in liquid 
wastes from nuclear facilities? 
2« Does Pontoporeia affinis as a link in the food chain involving 
man constitute a potential radiological health hazard? 
A suitable monitor of radionuclides released to Lake Michigan must be: 
1. an organism that lives in Lake Michigan or one that can live 

there; 
2« able to accumulate a radionuclide to such a degree that the 
mass of an economically obtainable sample will contain at 
least that quantity of the radionuclide in a 3.5 liter sample 
of lake water; 



•'•U. S. Public Health Service Publication N-999-RH-27, Section 5. 



3. restricted by habit or physical barriers to migrations within 
a 10 meter radius of its point of origin; and 

4. able to attain 90% of the equilibrium concentrations of 
accumulated radionuclides in approximately 1 month or less. 

It is desirable that the life of a monitor organism be at least 1 year 
In order that it rel lect ^u^nsonal variations in rmvironmental levels of 
radionuclides. 

The extent of accumulation of a radionuclide by an aquatic orga- 
nism is most often characterized by a concentration factor, CF, which 
relates the concentrations of a radionuclide in the organism and in the 
Surrounding water in the following way: 

fF = Radioactivity per gram wet weight of tissue (i) 
Radioactivity per milliliter of water 

Using common units of radioactivity this ratio is: 

CF a yCi per gram wet weight of tissue (2) 

yCi per milliliter of water 

Where 1 yCi (1 microcurie) of radioactivity is the equivalent of 
3.7 X 10 disintegrations per second • The CF represents the ratio of 
concentrations that are established at equilibrium, steady-state, condi- 
tions, i.e., the condition where the processes of intake and loss of a 
chemical element by an organism proceed simultaneously at the same rate. 
This situation is never realized. However, in this study naturally 
occurring concentrations of chemical elements in aquatic organisms and 
lake water were considered quasi-equilibrium levels, i.e., representative 
of true equilibrium. Also in the present study, ratios of radionuclide 
Concentrations established between aquatic animals and water as the 
itesult of short-term (hours-days) exposures are referred to as 



Accumulation multiples. Chemical form is a determining factor when con- 
sidering the availability of radionuclides to an aquatic organism. In 
the experiments to be described it is assumed that the ionic radioactive 
species used followed the same biochemical pathways as would dissolved 
radionuclides in the high purity low-level radioactive wastes released 
to Lake Michigan by the proposed nuclear facilities. 

Ayers (1962) has shown that the total dissolved solids in Lake 
Michigan waters had increased by 27% over the 50 year period from 1905- 
1955 due to natural aging of the lake and the introduction of domestic 
and industrial wastes. Chemical changes of the same magnitude are 
apparent when one compares concentrations of ionic species in Lake 
Michigan water analyzed in 1907 and samples analyzed during the present 
study (see Appendix A). These changes, however, are not rapid enough to 
invalidate the notions surrounding the use of concentration factors 
cited above. 

The application of equilibrium concentration factors to an aquatic 
environment containing the maximum permissible concentration of a radio- 
nuclide aids in predicting the maximum radionuclide concentrations in 
local aquatic organisms. Such computations done in the manner of 
Preston (1967) are very useful in assessing the potential radiological 
health hazard associated with the consumption of contaminated aquatic 
organisms. The following general formula can be applied: 

.. . . .V. J (2>200 ml/day) X MFC , ^ 
Maximum permissible consumption = q (3) 

In equation (3) 2,200 ml/day is the average individual water intake, and 
CJF is the concentration of a radionuclide in the food organism which at 
equilibrium is equal to the product (CF) (MFC) . Written briefly equation 
(b is: 



Maximum permissible consumption = ( , 2^200; g/day (4) 

CF 



CHAPTER II 

LITERATURE REVIEW 

A recently discovered species of ganmiarid amphipod, Anonyx sp., 
is in many ways similar to Pontoporeia af finis . Anonyx sp., a marine 
benthic amphipod was the subject of some radioecological investigations. 
The studies were conducted by Cross, Dean and Osterberg (1969) for the 
purpose of examining the metabolism of zinc-65 as affected by tempera- 
ture. The studies also called attention to the potential role of 
Anonyx sp., in the cycling of radionuclides « The exposure of experi- 
mental animals to radioactive seawater was not chronic. It could best 
be described as subacute since the duration of all accumulation tests 
was 8 days, and because it was necessary periodically to remove the 
animals from the water to measure their radioactivity in a gamma-spec- 
trometer. Accumulation of zinc-65 and its subsequent loss in uncontami- 
nated seawater were measured at 3, 7 and 12° C. Accumulation and 
elimination rates for zinc-65 by Anonyx sp., were more rapid at the 
higher temperatures. The presence of sediment during elimination tests 
was observed to increase the elimination rate. This effect was attri- 
buted to the adsorption of released radionuclides by sediment particles 
preventing thereby any secondary sorption by Anonyx sp. The time 
required for starved Anonyx sp. to eliminate half of its body burden of 
radioactive zinc accumulated during the 8-day accumulation tests was 104 
days. This rate was reduced to 34 days by feeding Anonyx uncontaminated 
brine shrimp. The transfer efficiency, i.e. the percentage of 



itadloactivity in the food of Anonyx sp. that was subsequently accumu- 
lated by the amphipods, was observed to be 56% when feeding radioactive 
brine shrimp. This factor and the elimination times mentioned above are 
dependent upon kind of food and the feeding rate. Molting was responsi- 
ble for the loss of 20% of the body burden when radioactive zinc was 
accumulated from water. Losses of zinc-65 activity were reduced to 2% 
of the body burden when food was the sole source of the radioactive zinc. 
Cross, et al. (1969) postulated that for Anonyx sp. food was more 
important than water as a source of radionuclides. The localization of 
radioactivity on the surface of Anonyx sp. and its subsequent loss 
through molting severely limited the usefulness of zinc-65 as an indica- 
tor of metabolic processes. These same considerations suggest that 
Anonyx sp. transfer significant quantities of radioactivity from radio- 
active pltimes to bottom sediments. Cross, et al. also suggested that 
zinc-65 in the flesh of peamouth chubs (Mylocheilus caurinum ) resulted 
from this fish's consumption of zinc-65 contaminated Anonyx sp. 

Fowler, Small and Dean (1969) conducted laboratory experiments to 
determine if trace concentrations of zinc-65 could be used to measure 
metabolism in the ecologically important pelagic marine crustacean, 
Ebphausia pacifica . It was also the objective of these investigators to 
gain some insight into the role of euphausiids in the transport of large 
concentrations of zinc-65. Accumulation of zinc by live euphausiids was 
studied at 5, 10 and 15® C over a period of 10 days. The same test 
animals were allowed to eliminate zinc-65 in uncontaminated environ- 
ments « Both accumulation and elimination processes were affected by the 

iQlting of euphausiids. Molted exoskeletons averaged 41% of the total 
body burden of zinc-65. It was observed that concentrations of zinc-65 
ih euphausiids were inversely proportional to animal size. 



m 



The fact was also reported that the Qiq» ratio of the reaction 
tates at 5 and 15** C, for zinc-65 uptake by Euphausia pacifica was 
nearly twice that for oxygen consumption. The author suggests that the 
process of zinc-65 accumulation in Euphausia pacifica may not be a bio- 
logical one. The fact that the amounts of zinc-65 accumulated in 10 
days by living and dead Euphausia pacifica are not significantly differ- 
ent is cited as further evidence of the physical nature of zinc-65 
accumulation by these amphipods« The authors conclude that zinc-65 can- 
not be used as an index of metabolism in Euphausia pacifica , and there- 
fore that these animals cannot serve as monitors of environmental 
zinc-65 concentrations. It should be pointed out that the duration of 
the accumulation experiments with Euphausia pacifica , 10 days, was short 
compared to its life expectancy, 2 years, and that the animals were not 
fed radioactive food in any of the experiments. These facts probably 
account for the large proportion of adsorbed zinc-65 in live Euphausia 
pacifica used in these experiments. 

The zinc-65 transfer capability of Euphausia pacifica was inves- 
tigated thoroughly by L. F. Small (1969). His investigation revealed 
that the transfer of zinc-65 from floating lenses of radioactive seawater 
to non-radioactive near-bottom seawater by Euphausia pacifica was 
significant. It was shown that maximum body burdens of zinc-65 in 
Euphausia pacifica were realized in 5 days in radioactive seawater at 
10° C. These body burdens varied from 2 yCi/g (wet weight) to 5 yCi/g 
depending upon the period of time (8 to 16 hours) that the amphipods 
s^ent in the radioactive seawater pool which contained 25 yCi/1. When 
ttiis radioactive seawater was the sole source of zinc-65 the amphipods 
Ipst an average of 25% of their body burden in cast exoskeletons . 



Equilibrium body burdens of zinc-65 in Euphausia pacifica were not 
tealized during 5-day periods when the amphipods were allowed to graze 
phytoplankton (initial concentration 243 X 10 cells/ml) labeled with 
25 yCi/1. Molting was responsible for the 10% loss of the 5-day body 
burden of zinc-65 in Euphausia pacifica used in these experiments. Under 
these same conditions fecal deposition was responsible for the loss of 
41% of the initial body burden. 

Alley (1968) and Marzolf (1968) in separate studies demonstrated 
the apparent preference of Pontoporeia affinis for organic sediments. 
Moreover, Marzolf demonstrated a direct relationship between bacterial 
populations in the sediment and population densities of Pontoporeia 
affinis. No optimum value of carbon content of the sediment was speci- 
fied in either investigation. In large scale field investigations by 
J. Leliak (1965) there were no correlations between population densities 
of bottom fauna and carbon content of the mud in several experimental 
ponds. Leliak demonstrated in a unique experiment that after steriliza- 
tion and devegetation of several ponds the last community to revitalize 
itself was the benthic community. This demonstrated the dependence of 
bottom fauna on food supply from the overlying water column transported 
to the bottom by fecal material and expired organisms. These results 
also suggested that bacteria may be a source of energy for benthic 
amphipods. W. Wisen (1956) has observed that the burrowing malacostracan 
Ctoella vulgaris feeds by grazing bacteria and algae from the surfaces of 
soil particles. Studies by Hargrave (1970) revealed that a burrowing 
fkesh water amphipod Hyallella azteca ingests algae and bacteria from the 
sbrfaces of detrital particles. 



CHAPTER III 



MATERIALS 



A. Experimental Animals 

Pontoporeia af finis (Lindstrom) (Figure 1) is a small burrowing 
amphipod (sideswimmer, scud) which belongs to the Subclass, Malacostraca 
of The Class Crustacea. One of the relatively few freshwater amphipods, 
it is believed to be a glacial relic which has adapted to the low 
salinity of the Baltic and Great Lakes « (Pennak 1953) It is found in 
Lake Michigan at depths of from 10 to 270 meters, and bottom temperatures 
from 2° C to 18*" C. (Alley, 1968) Pontoporeia affinis is thought to be 
an omnivorous species which constmies larval forms of aquatic insects, 
diatoms, and organic debris including its own exoskeleton which it 
periodically sheds during maturation (Pennak 1953) . It is in fact a 
semi-pelagic species, i.e. it carries on periodic vertical migrations 
(Wells 1960) . The life-span of Pontoporeia at the temperatures and 
depths found in Lake Michigan varies from 2 to 3 years (Alley 1968). The 
female of this species maintains the newly hatched young in an abdominal 
marsupium or brood-sac for approximately one week. At the end of this 
time the female gives birth to free-swimming young. Reproduction 
usually takes place between October and March (Alley 1968) . 

During the spring and summer of 1967 the writer worked with 
l^iologists of The University of Michigan Great Lakes Research Division 
Aboard the organization's research ships, Mysis and Inland Seas. The 
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Fig. 1. Morphological features of Pontoporeia af finis . 
Mature male, 9X actual size (approximate wet weight = 5mg) 



12 



^ork provided first hand experience in the routine sampling of lake 
water, sediment, planktonic organisms and benthic organisms. It was my 
observation that of the communities routinely surveyed for ecological 
considerations the benthic community would probably yield a suitable 
biological indicator of radioactivity especially with regard to the 
criteria of year-round abundance and localization. Of the three dominant 
species in the benthic community, the amphipod, Pontoporeia af finis , 
oligochaetes (benthic worms) , and sphaeriids (fingernail clams) Eggleton 
(1937) found Pontoporeia affinis to be most abundant. More recently 
Powers and Alley (1967) reported that the average standing crops corre- 
sponded to 13 g, 6 g, and 1 g (wet weight of organisms per square meter) 
for Pontoporeia , oligochaetes and sphaeriids respectively. These figures 
reflect the continued dominance of Pontoporeia . The distribution of 
Pontoporeia affinis in Lake Michigan is shown in Figure 2. Because 
Pontoporeia affinis was the most widely distributed and the most abundant 
benthic organism in Lake Michigan it was chosen for further evaluation as 
to its usefulness as a monitor of environmental radioactivity. 

B. Radiation Detection 

1. Gamma-ray counting system 
Gamma- radioactivity in water and Pontoporeia used in the labora- 
tory experiments to be described was measured with a gamma-ray scintil- 
lation spectrometer. This spectrometer was composed of a 12.5 X 12.5 cm 
NaT (Tl) crystal connected to a 100-channel multichannel analyser (MCA) . 
The crystal was housed in a lead cylinder (inside dia. = 18 cm) which 
provided 6 cm of shielding on all sides. Operating voltage for this 
system was maintained at 900 volts. The discriminator level and 
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FIGURE 2. DISTRIBUTION OF PONTOPOREIA AFFINIS IN LAKE MICHIGAN 
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Conversion gain controls for the MCA were adjusted so that linear 
relationships existed between gamma photon energies and gamma spectrum 
channel numbers, and between gamma photon energies and gamma detection 
efficiencies (counts per gamma) . Measurement of background radiation 
revealed the counting rates shown in Table 1. 

2. Natural levels of radioactivity 
in water and Pontoporeia 

During the time when laboratory experiments were being performed 
several samples of lake water and Pontoporeia affinis from the Grand 
Haven, Michigan sampling area (Figure 3) were analyzed for gamma radio- 
activity. The results of those analyses are shown in Table 1. 

TABLE 1 

BACKGROUND RADIOACTIVITY AND RADIOACTIVITY 
IN LAKE WATER AND PONTOPOREIA AFFINIS 



Sample 


Energy Bands 


Count 
Rate, cpm 


Counting 
Time, Mln. 


Net Count, cpm 
+ 0.95 Error 


background 


.42- .60 Mev 

.76- .92 Mev 

1.02-1.18 Mev 


289 
211 
153 


100 
100 
100 


+ 3.4 
+ 2.8 
+ 2.4 


Pontoporeia 
£^ff inis, 
4.25 g 


.42- .60 Mev 

.76- .92 Mev 

1.02-1.18 Mev 


298 
210 
157 


100 
100 
100 


9.0 + 4.8 

+ 4.2 

4.0 + 3.5 


Lake Michigan 
water, 
4,000 ml 


.42- .60 Mev 

.76- .92 Mev 

1.02-1.18 Mev 


296 
221 
167 


100 
100 
100 


7.0 + 4.8 
10 + 4.2 
14 + 3.5 



-'•Include the principle photo peaks of Sr -85, Mn -54 and Zn-65 
ijespectively. 



Green Bay J 

Kewaunee 



Sheboygan J 



Racine 



Waukegan 



Chicago « 



Qi — . ^ Petoskey 
•Charlevoix 




South Haven 



tllchigan City 



FtiuRE 3. PONTOPOREIA SAMPLING POINTS IN LAKE MICHI 



GAN 
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These levels of gamma radioactivity indicate that little error 
would be introduced by natural radioactivity in the determination of 
tadioactivity in 10 ml samples of contaminated lake water or 100 mg 
samples of contaminated Pontoporeia affinis used in laboratory experi- 
ments. 

3. Minimum detectable counting rates 

Associated with the net counting rate of a sample is a certain 
amount of random error which can be computed in accordance with the fol- 
lowing equation (Pelletler 1966) i 

\ 's *b/ (5) 

Where: E^ = error (cpm) 

Z = constant associated with a 
given confidence level 

N = net counting rate of sample (cpm) 

N, = background counting rate (cpm) 

tg = sample counting time 

t|5 = background counting time 

The error can also be expressed as a fraction of the net counting 
rate N^, and is given by this expression: 

Fractional = FC^ = ^z^^x ^^^ 

Error 



Itias considered essential that the net counting rate of a sample 
^qual or exceed error corresponding to the 99% level of confidence. The 
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fractional error for the minimun detectable net counting rate, Nx (mini- 
itiun) , is numerically equal to 1. 

In the absence of significant levels of radioactivity in clean 
lake water and Pontoporeia affinis the background counting rates of Table 
1 are used to compute the random error. Samples were counted for 20 
minutes. 

Substitution in the manner of Pelletier (1966) into equation (5) 
will lead to the following expression for the minimum detectable count 
rate: 



N^ (minimum) = 2tjc)i 



L 



1+ 



4NbFC2 tgCt^ + tg) 



zh. 



1/2 



(7) 



At the 99% confidence level: Z 



t, = 



2.58 

1 

20 mln. 

100 mln. 



Therefore : 



N (minimum) = ^^',1^^ ^1 + 
X 40 ^ 



, . 9,600 Nh 
640 



1/2 



= 0.16 + 0.16 (1 + 15 Nt.) 



1/2 



(8) 



(8) 



Evaluation of this expression over energy band widths corresponding to 
the position of the principal absorption peaks of strontitmi-85, 
iUanganese-54, and zinc-65 (background activities in Table 1) revealed 
that the minimum detectable counting rates were 11.0 cpm, 9.0 cpm and 
8.0 cpm in these areas respectively. 
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4. Counting efficiencies 

Ten ml samples of experimental waters and samples of live 
Pontoporeia affinis in 10 ml of clean lake water were put into plastic 
evaporating dishes which measured 6 X 6 X 2.5 cm. In this configuration 
the samples were placed on the Nal crystal at its center and counted for 
20 minutes. 

In order to determine counting efficiencies and to test the 
linearity of the detection system's response to gamma-rays, standard 
solutions of radionuclides were dispersed in 10 ml of distilled water in 
plastic evaporating dishes. These standards were counted in the same 
position on the detector face. The carrier-free standard solutions were 
supplied by Nuclear Science and Engineering Corporation, Pittsburgh, Pa. 
on February 19, 1969. The original 1 yCi isotopic solutions were 
dispersed in 6N HCl. The counting efficiencies determined by this 
method are shown in Table 2. Figure 4 shows the linearity (counts/gamma 
vs. gamma energy) of the scintillation detection system. 

The graph in Figure 4 also shows the results of a typical per- 
formance check of the counting system. One-year-old thimble shaped 
spectrometer standards were used to make these tests. These sources were 
supplied by Tracerlab-Inc. , and were calibrated by the manufacturers to 
+ 5% of the stated gamma-ray intensity. The thimble sources were placed 
at the center of the crystal standing on their flat ends and counted. 
The difference in counting geometries account for the observed differ- 
ences in liquid standard and thimble source counting efficiencies. 
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5. Minimum detectable radioactivity 

The minimum amount of radioactivity due to strontium-85, 
manganese-54 and zinc-65 that can be reliably measured by the scintil- 
lation detection system and sample configuration already described can 
be calculated by dividing the minimum detectable counting rates stated 
above (para. 3) by the appropriate counting efficiency and gamma abun- 
dance from Table 2. For example: 

Minimum detectable 
strontium-85 

activity in samples = (11 cpm) 

(3.7 X 10^ iE^) (60 1^X0.266 -SEE) (i.o XESL) 
yCi min ypm dpm 

= 1.86 X 10""^ yCi 

Sittiilar calculations reveal minimum detectable levels of manganese-54 and 
zinc-65 activities to be 1.86 X 10""^ yCi (the same as for strontium-85) 
and 4.67 X 10"^ yCi respectively. 

6. Interference corrections in compound spectra 

In some extended laboratory experiments it was advantageous to 
utilize fully the capability of the MCA system to measure gamma-ray 
intensities from several sources simultaneously. In some of the experi- 
ments to be described strontium-85, manganese-54 and zinc-65 were all 
present in individual samples. A set of simultaneous equations is devel- 
oped in Appendix B to correct for the mutual interference of these 
sources . 



CHAPTER IV 

EXPERIMENTAL METHODS 

A. Sampling Techniques 

Live specimens of Pontoporeia affinis were taken with a Ponar Grab 
Sampler (Figure 5) from a position on the bottom of Lake Michigan three 
miles west of the pier at Grand Haven, Michigan (pt. D, Figure 3). The 
sampling area lay approximately 36 meters below the water surface. Live 
P. affinis in mud and water from the sampling point were transported to 
the biology laboratory of The Great Lakes Research Division at Ann Arbor, 
Michigan. During the 2 1/2 hour trip by automobile the amphipods and 
their mud-water environments were maintained at 8"* C - 10*" C in a large 
plastic lined, steel jacketed ice chest to which copious quantities of 
ice were added in the form of the frozen contents of sealed 1-liter poly- 
ethylene bottles. All plastic in contact with the amphipods or their 
environment was of the non-toxic variety commonly used in biology labora- 
tories. The danger of loss of organisms due oxygen depletion was 
negligible because of the low temperature and because these amphipods 
thrive at oxygen tensions as low as 7% saturation at 10"* C (Segerstrale 
1959) . Live specimens of P. affinis for all laboratory experiments were 
taken from their habitat and transported to the laboratory in this manner. 
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FIGURE 5. PONAR DREDGE SAMPLER IN CLOSED CONFIGURATION. 
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B. Identification of Radionuclides 

Acctraiulated by Pontoporeia affinis 

1. Nuclear facilities wastes (Experiment-1) 

Approximately 100-150 amphipods were placed in each of two 500 ml 
polyethylene aquaria. Each aquarium also contained 300 ml of lake water 
and 30 g of sediment. Samples of liquid wastes were obtained from the 
Big Rock Nuclear Power Plant and The Nuclear Fuel Service Reprocessing 
Plant at West Valley, New York and were analyzed with the gamma-ray 
counting system. Three ml of each of these wastes were added to the two 
aquaria (one waste to each aquarium). The amphipods in their contaminated 
environments were maintained at 10** C in darkness for 24 hours. At that 
tiilne some of the amphipods were removed by disturbing the aquarium and 
catching the amphipods in a tea strainer. Three groups of 30 to 50 
amphipods were taken from each of the two aquaria. The amphipods were 
weighed and assayed for gamma radioactivity in 10 ml of uncontaminated 
lake water. The analysis for gamma emitting radionuclides was made by 
placing the exposed amphipods and lake water in flat plastic evaporating 
dishes on the Nal(Tl) scintillation crystal previously described. This 
brief experiment was done in order to identify the radioactive isotopes 
which the amphipod could accumulate « 

2. Laboratory solutions - (Experiment-2) 

In order to confirm and accurately quantify the results of the 
f iijrst brief identification experiments Pontoporeia affinis were exposed 
to mud-water environments each containing one of seven radioactive ele- 
meikts in solution, cerium-144, manganese-54, zinc-65, cesium-137, 
ziifconium-95, ruthenium-106, and 8trontiiMn-90. These radionuclides are 
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frequently found in wastes from nuclear facilities. Each three ml 
volume of solution containing a radionuclide was analyzed for gamma 
radioactivity and added to a separate plastic aquarium containing 30 to 
40 amphipods, 250 ml of lake water and 30 g of sediment. All aquaria 
were maintained at 10** C for 72 hours. During this time the water in 
each covered plastic aquarium was continuously aerated. Amphipods from 
these tests were divided into three groups, weighed and counted. Direct 
analysis of P. af finis for gamma-emitting radionuclides was made using 
the Nal (Tl) -multichannel analyzer system. P. af finis from the strontium- 
90 test\ere wet-digested with nitric acid and the dry residue was counted 
for 100 minutes in a Beckman Low-Background Beta Counter. The gamma and 
beta activities remaining in the waters from the test aquaria were deter- 
mined. The background activities for the energy span used to estimate 
gamma-emitter activities, and the background beta activity were sub- 
tracted. The net activities of each of the radionuclides accumulated in 
the amphipods permitted the calculation of accumulation multiples. 



C. Measurement of Stable Element Concentrations 
in Lake Water, Pontoporeia af finis and Fish 
Flesh (Experiment-3) 



In order to determine the equilibrium concentration factors for 
strontium, manganese and zinc in P. af finis it was necessary to measure 
the concentrations of these stable elements in samples of lake water and 
P. aff inis . To evaluate the potential radiological health hazard to man 
posed by the accumulation of radionuclides in Pontoporeia it was neces- 
sary to analyze samples of food-fish known to subsist predominantly on 
P. af finis (Schmitt 1965) . The flesh of chubs (Leuciscus cephalus ) was 
analyzed for stable strontium, manganese and zlnc» Table 3 gives the 
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Ideation of all environmental sampling stations. All chemical analyses 
were made using atomic absorption spectrophotometry. 

TABLE 3 

LOCATION OF ENVIRONMENTAL SAMPLES 



Sample 


Location 


Date 


Water 


S. 


Lake Michigan, pt. D of Figure 3 


March and July, 1969 


Ppntoporeia 
affinis 


N. 


Lake Michigan, pts. B&C Figure 3 


May, 1969 


Pontoporeia 
affinis 


S. 


Lake Michigan, pt. D, Figure 3 


October, 1968 


L. cephalus 


N. 


Lake Michigan, pt. A, Figure 3 


October, 1968 



P. affinis and L . cephalus were digested in 6N HNOo, and diluted 
to the desired volume with dionized water. Three 4 liter samples of 
filtered Lake Michigan water were slowly evaporated over a steam bath 
until each was reduced to 20 ml. Two ml of concentrated HNO3 was added 
initially to each sample to minimize the loss of chemical elements due to 
plating on the walls of the evaporating vessel. 

Analyses for manganese and zinc were made on a Jarrell-Ash atomic 
absorption unit. Strontium analyses were made using a Perkin-Elmer model 
290 atomic absorption unit. Acetylene and air was the fuel mixture used 
in the analyses for zinc and manganese. Monochromatic light sources 
having wave lengths of 2139 A (angstroms) and 2795 A were used in the 
anfeilyses of zinc and manganese respectively. A mixture of acetylene and 
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aiid nitrous oxide was the fuel used in strontium analyses, and the wave 
length of the light source was 4607 A. 

Samples of L. cephalus were analyzed for gamma- emit ting radio- 
nuclides using the gamma-ray counting system. Samples of HNO3 and 
deionized water were used as blanks. Samples were prepared for strontium 
analysis by increasing their sodium concentration to avoid the ionization 
of stable strontium cttoms in the flame. Previous analyses had demon- 
strated that the addition of enough NaCl to effect a sodiunf concentration 
of 2,000 ppm was sufficient to prevent errors from this source. The 
amount of strontium in NaCl used was not determined. 



D. Measurement of the accumulation and 

elimination of strontium-85, manganese-54 
and zinc-65 by P. af finis 



1. Accumulation of radionuclides (Experiment-4) 

Three large polyethylene aquaria were filled with 2 liters of lake 
water and 1,000 g of fresh sediment from the sampling area shown in 
Figure 3 (pt. D) . Water in each aquarium contained 0.2 yCi each of radio- 
active strontium-85, manganese-54 and zinc-65. Each initial concentration 
was equal to 10"* yCi/ml (NCRP recommended MPC ). They are, therefore, 
the concentrations acceptable individually in public drinking water. All 
isotopes were added to the lake water in the carrier-free state. Each of 
the aquaria then received approximately 500 P. af finis of similar size, 
5 mg each (6.0-9.5 mm in length). Each aquarium thus prepared was con- 
tinuously aerated and maintained at 10^ C in darkness for 24 hours. At 
the end of the 24 hour period a sample of water (25 ml) and between 20 
arid 30 P. af finis were removed from each aquarium and counted with the 



1 
R. Rossman, Great Lakes Research Division, University of Michigan. 
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idO-channel Nal (Tl) multichannel analyzer system previously described. 
All water was drained from the aquaria. The aquarium and draining device 
used is shown in the drawing in Figure 6. Each aquarium and draining 
device used is shown in .he diawing m figure b. i:.ach aquarium was care- 
fully refilled with 2-liters of fresh lake water containing the same 
initial concentrations of strontium-85, manganese-54 and zinc-65 (1 X 10"^ 
yCi/ml) . Counted amphipods were returned to their original aquaria and 
exposure was continued for another 24 hour period. The weighing and 
gamma counting of amphipods and refilling of aquaria required 30 minutes 
or less during which the amphipods remained in the 10 ml of lake water in 
which they were counted while living. Radioactive water and radioactive 
amphipods in contaminant-free lake water were counted in thin polyethylene 
evaporating dishes. Exposure and daily radioassay of P. af finis were 
continued until no further increase in concentration was apparent or until 
10% of the test animals died from repeated handling. The simultaneously 
observed strontium-85, manganese-54 and zinc-65 activities were corrected 
for radioactive decay, background radioactivity, and for spectral inter- 
ference. The radioassay of exposed amphipods and contaminated water 
permitted the calculation of concentration factors. 

The molar concentrations of strontium-85 used was .02 times the 
molar concentration of strontium-90 permitted in public drinking water, 
and 0.4 times the allowable molar concentration of strontium-89. 
Strontium-85 was used because of the convenience with which its gamma 
emission could be detected and measured. 
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Top view 



Inside dia^ 
19 cm 




Section 



n 



16.5cm 




water line 



Hollow Tube, 
Perforated plexiglass 

1 cm in diameter 



•sediment 




to waste 
Fig. 6. Large aquarium and draining device. 
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2. Elimination of Radionuclides (Experlment-5) 

Approximately 150 P. af finis were put in a polyethylene aquarium 
containing sediment and lake water having 17 X 10"^ yCi/ml each of 
strontium-85 and manganese-54 and 8.0 X 10"^ yCi/ml of zinc-65. This 
culture was kept at 10° C for 6 days. The radioactive amphipods were 
divided into three groups of approximately 50 animals each. Each of 
these groups was placed in a large aquarium containing clean lake water 
and sediment. The prepared amphipods and aquaria were maintained for 24 
hours incbrkness at 10° C. At the end of the 24 hour period the amphi- 
pods were removed from each aquaria weighed, and then counted using the 
gamma-spectrometer. The counted amphipods were put into a second set of 
aquaria containing clean lake water and mud from the sampling area shown 
in Figure 3 (pt. D) . These newly prepared amphipods were maintained once 
again at 10° C for 24 hours. Observed concentrations of radioactive 
elements in test amphipods were corrected for radioactive decay, spectral 
interference, and background radiation. A plot of the average percentage 
of remaining activity versus the time the amphipods spent in the clean 
aquaria allowed the immediate determination of the biological half -life, 
Tg, of each radionuclide accumulated. 

E. Determination of the Distribution of 

Radionuclides Accumulated by P. af finis 



1„ Removable and non-removable radioactivity 
(Experiment-6) 



A simple definition of removable radioactivity is that portion of 
accumulated radioactivity that is superficially associated with an 
organism. In this experiment the removable radioactivity accumulated by 
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living P. af finis was defined as the portion of radioactivity removed 
ftom freshly killed radioactive amphipods by storing them in non-radio- 
active preservative solutions. The non-removable radioactivity was 
therefore defined as the quantity of radioactivity remaining associated 
with the amphipods after storage. 

Three groups of 25-30 P. af finis each were maintained in separate 
aquaria at 10** C for 72 hours. The aquaria contained sediment and waste 
water from Experiment-4 . The individual concentrations of strontium-85, 
manganese-54 and zinc-65 were not measured, but due to their origin must 
have been between W^ and 10""^ yCi/ml. P. af finis from each aquarium 
were removed with a tea strainer, and placed in an oven at 103° C for 5 
minutes. The killed amphipods were counted to establish initial gamma 
radioactivity. They were then put in solutions containing 10% formalde- 
hyde where they remained for 15 days. At the end of this period the 
P. af finis were removed, blotted to remove excess liquid and counted in 
the scintillation detection system. After corrections for radioactive 
decay, interference and background radiation, the residual levels of 
radioactivity were subtracted from the initial levels to determine the 
removable radioactivity due to each radionuclide. 

The use of formalin in the soaking solutions prevented bacterial 
degradation of the amphipods. The experiment was repeated twice using 
the same number of P. af finis in each sample. 

2. Radionuclides in the exoskeleton of P. af finis 
(Experiment-7) 

Approximately 150 amphipods from Experiment-4 described above were 
divided into groups of 50 amphipods weighed, and radioassayed for gamma 
radioactivity. Each group of amphipods was then placed in a glass vial 
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containing 20 ml of Nuclear Chicago Corporation NCS Reagent, a combination 
of strong basic chemicals normally used to prepare biological materials 
for scintillation counting. The dead amphipods were maintained at 40° C 
for approximately 24 hours. Microscopic examination revealed that the 
soft tissue had been digested leaving the chitinous exoskeletons. The 
shells were rinsed in toluene, rinsed in water at 100** C, and counted for 
strontium-85, manganese-54 and zinc-65, radioactivity. 



F. Investigation of certain environmental factors which 
influence radionuclide accumulation by P. af finis 



1. Temperature (Experiment-8) 

As stated in section A of chapter III P. af finis inhabit areas of 
Lake Michigan where the temperature may be as low at 2** C or as high as 
18° C. To measure the effect of temperature on radionuclide accumulation, 
experiments were conducted at temperatures of 3° C, 10° C, 13° C and 20° C 
which span the range of temperatures preferred by the organism, 8-12° C 
(Segerstrale 1959). Aquaria containing 1 liter of lake water, 1 kg of 
sediment, equal quantities of strontium-85, manganese-54 and zinc-65, and 
200 similar sized amphipods were maintained at each of the temperatures 
cited above for 12 hours. The rates of accumulation of strontium-85, 
manganese-54 and zinc-65 by P. af finis at each temperature were measured. 

2. pH (Experiment-9) 

The pH of the lake water at the sampling point varied between 6.0 
and 8.8. At the time of this experiment the lake water taken from the 
sainple area had pH of 7.8. The pH of each of two 1 liter volumes of lake 
water was adjusted to 9.3 with 3N NaOH. The pH of two other 1 liter 
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volumes of lake water was adjusted to 5.6 by the addition of 5N HCl. 
Four aquaria each containing water at an adjusted pH and two additional 
aquaria each of which contained 1 liter of lake water at pH 7.8 all 
received 200 similar sized amphipods and equal quantities of strontium-85, 
manganese-54 and zinc-65. All aquaria were incubated for 12 hours at 
10® C. The concentrations of strontium-85, manganese-54 and z±nc-65 
attained by the amphipods at the different pH levels were measured. The 
pH of water used was not determined at the conclusion of the experiment. 

3. Sediment (Radionuclide Routing, Experiment-10) 

The experiment to be described was designed to reveal the influ- 
ence of bottom sediment on the uptake and accumulation of strontium-85, 
manganese-54, and zinc-65 by P. af finis . The experiment also measured 
the effect of sediment sterilization on radionuclide accumulation by P^. 
a£ finis . 

Fresh sediment from the sampling area shown in Figure 3 (pt. D) 
was put into the bottom half of a petri dish and heated in an oven at 
115° C for 15 minutes. Upon cooling the sample of sterilized sediment 
was placed in the bottom of a polyethylene aquarium. The aquarium was 
then filled with lake water containing strontium-85, manganese-54 and 
zinc-65. Two additional petri dishes containing unsterilized sediment 
were put into polyethylene aquaria to which radioactive lake water was 
added. All three aquaria were maintained at lO"* C for 12 hours. At the 
end of this time each sediment-filled petri dish with the exception of 
one which contained unsterilized sediment was carefully removed from the 
rfiidloactive water and placed in a clean polyethylene aquarium that was 
then filled with clean lake water. 
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The levels of radionuclides remaining in the waters from the 
altered aquaria were determined by gamma-ray analyses of 25 ml samples 
of this water. The two aquaria containing radioactive sediment and clean 
lake water, the unaltered aquarium containing radioactive water and 
sediment, and an aquarium containing radioactive water only were all 
seeded with 20 to 30 similar sized P. af finis . All cultures were main- 
tained at lO*' C for 12 hours. At the conclusion of the incubation period 
all amphipods were transfered to aquaria containing clean water and 
sediment. The radioactive P. af finis remained in these aquaria for 2 
hours which was ample time for the amphipods to clear their guts of radio- 
active material (Johannes 1964) . Samples of radioactive waters and P^. 
affinis were analyzed for gamma radioactivity. The entire experimental 
procedure was repeated twice. The data from these tests were used to 
calculate the quantities of strontium-85, manganese-54 and zinc-65 present 
in the sediment, water and P. affinis from each of the laboratory environ- 
ments » 



4. The bottom deposition and decay of radio- 
active organic matter (Experiment-11) 



The experiment to be described here was designed to reveal the 
relative contribution of dead planktonic organisms to the accumulation 
of strontium-85, manganese-54 and zinc-65 by P. affinis . The experiment 
will also measure the effects of decomposition of radioactive organic 
matter on P. affinis accumulation of these radionuclides. 

A laboratory culture of green algae, principally Chlorella 
pyte'enoldes , was grown in 2 liters of Lake Michigan water to which 0.01 
yCl each of strontium-85, manganese-54 and zlnc-65 had been added. The 
algae culture remained undisturbed at room temperature for two weeks 
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after which six 250 ml aliquots were removed and centrifuged at 5,000 
rpm. The separated algae were resuspended in small quantities of lake 
water and spread evenly over a 2.5 cm layer of sediment in the bottoms 
of six aquaria. The mud was allowed to dry partially in order to fix the 
algae at the surface. Lake water, 500 ml, was carefully added to each 
aquarium. Approximately 200 amphipods were put into two of these aquaria 
and the cultures were maintained for 12 hours at 10° C. Two aquaria con- 
taining sediment, labeled algae and lake water were stored for 5 days at 
10° C. After this period 200 similar sized amphipods were placed in each 
of these aquaria. These cultures were maintained at 10° C for 12 hours. 
After a storage period of 10 days the remaining two aquaria received 200 
amphipods. These cultures were also maintained at 10° C for 12 hours. 
The accumulation multiples of all three radionuclides were computed, and 
used as indices of the efficiency of uptake by P. af finis of radionuclides 
associated with the algae. 

5. Size of P. af finis (Experiment-12) 

An aquarium containing lake water, sediment, and 10 "^ yCi each of 

ml 
strontium-85, manganese-54 and zinc-65, and approximately 370 P. af finis 

was maintained at 10° C for 72 hours. The P. af finis were then removed, 

spread out on absorbent paper, and separated into two groups according to 

apparent size. Microscopic examination of representative samples of each 

group showed that they had been divided into groups with a range of 

overall uncurled lengths of 4.0-6.5 mm and 8.0-10.5 mm exclusive of 

antennae. All amphipods were weighed and counted using the gamma spec- 

trimeter. Accumulated radionuclide concentrations, of amphipods were 

calculated. 



CHAPTER V 



EXPERIMENTAL RESULTS 



A. Radionuclides Accumulated by 

P, af finis (Experiments 1 and 2) 



The gamma spectra of the liquid .wastes from the chemical reproces- 
sing plant and the nuclear power plant are shown in Figure ?• The 
concentrations of radionuclides are indicated on these spectra. Exposure 
^^ P» af finis to dilute solutions of these wastes for 24 hours resulted 
in the accumulation of manganese-54 and zinc-65 by the amphipods. 
Accumulation multiples in P« af finis resulting from the 24 hours of 
exposure were 300 for manganese-54 and 410 for zinc-65. 

Of the radionuclides used in Experiment-2 P. af finis accumulated 
detectable amounts of manganese-54, zinc-65 and strontium-90 (indicated 
by gross beta counts). Levels of other accumulated radionuclides were 
less than the corresponding background activities. P, af finis were 
exposed for 72 hours to concentrations of 124 pCi/ml of manganese-54, 
7.0 pCi/ml of zinc-65 and 3 pCi/ml strontium-90. The accumulation multi- 
ples resulting from this exposure were 250 for manganese-54, 247 for 
zinc-65 and 41 for strontium-90. 
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B. Stable Element Concentrations in Lake 
Water, P. af finis and Fish Flesh 



1. Stable element concentrations (Experiment-3) 

The concentrations of strontium, manganese and zinc in Lake 
Michigan water, P. af finis and L. cephalus are listed in Table 4. The 
concentrations of manganese and strontium in L* cephalus were below the 
sensitivity of the absorption unit and the limiting concentrations were 
indicated. 

TABLE 4 

CONCENTRATION OF STABLE ELEMENTS IN 
PONTOPOREIA AFFINIS , L. CEPHALUS 
AND LAKE MICHIGAN WATER 
(EXPERIMENT-3) 



Sample 



Stable element concentrations + Std. error 
Strontium Manganese Zinc 



lake water* 

P. af finis 

L* cephalus 
(flesh) 



110 + 55.0 ppb 2.50 + 0.90 ppb 
28.6 + 9.54 ppm 13.9 + 5.00 ppm 
< 0.37 ppm < 0.19 ppm 



10.0 + 2.00 ppb 
35.4 + 10.3 ppm 
5.46 + 1.46 ppm 



*See Appendix A for additional concentrations of elements in Lake 
Michigan water. 



2. Concentration factors 



The naturally occur ing concentrations of manganese, strontium and 
zitic in young adult P. af finis and L. cephalus analyzed in Experiment-3 
are considered equilibrium concentrations. Dividing these concentrations 
by the corresponding elemental concentrations in lake water yielded the 
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concentration factors. The concentration factors for strontium manganese 
and zinc in the flesh of L. cephalus were < 3.4, < 80 and 546 respec- 
tively. These results indicate the existence of some factor or factors 
which discriminates against the transfer of radionuclides up the food 
chain . 

3. Projected maximum consumption of fish flesh 

The maximum permissible consumption rates of the flesh of L. 
cephalus were determined for fish at equilibrium with water containing 
the limiting concentrations of strontium-90, manganese-54 and zinc-65 
permitted in waters used by the general public. These calculations were 
made by substituting the concentration factors for L. cephalus into 
equation 4. These results indicated that the projected maximum permis- 
sible consumption of L. cephalus would be 4.0 g/day as determined by the 
equilibrium concentration of zinc-65. 

Radioanalysis of whole fish ( L. cephalus) taken in the vicinity of 
the Big Rock Nuclear Reactor revealed the presence of 1.88 pCi/g of 
zlnc-65 and 1.07 pCi/g of cesium-137 (see Figure 8). Maximum permissible 
cOnsiimption of these fish was 41 kg/ day as determined by substituting 
into equation 3. 



C. Accumulation and Elimination of Strontium-85 
Manganese-54 and Zinc-65 by Pontoporeia affinis 



1. Results of accumulation experiments (Experiment-4) 

The results of repeatedly exposing live P. affinis to levels of 
stirontium-85, manganese-54 and zinc-65 equal to the corresponding MPC are 
shown graphically in Figure 9. It is apparent that equilibrium levels of 
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of radionuclides corresponding to naturally occuring concentration fac- 
tors are not obtained by P. af finis in this experiment. An average of 53 
animals from each aquarium had died by the eighth day of the experiments 
and they were terminated. The shape of the accumulation curves indicated 
that the levels of accumulated radionuclides approached apparent equilib- 
rium with respect to the laboratory environment. The maximum values of 
accumulation multiples achieved by P. af finis in these experiments were 
60 for strontium-85, 300 for manganese-54 and 225 for zinc-65. 

2. Results of elimination tests (Experiment-5) 

Semi-logarithmic graphs depicting the percentages of radioactivity 
remaining in P. af finis versus the time the amphipods spent in clean sedi- 
ment and water are shown in Figure 10. Similar curves for radioactive 
P. af finis in aquaria in which only the water was exchanged daily are also 
shown in Figure 10. The biological half -life, Tg, of each radionuclide 
accumulated by P. af finis was determined from the slope of the straight 
portion of the elimination curve for the amphipods in clean water and 
sediment. The lengths of time taken by the experimental animals to 
eliminate 50% of the initial body burdens of strontium-85, manganese-54 
and zinc-65 were determined by direct inspection or extrapolation of the 
elimination curves in Figure 10. These periods referred to as T-^ 
values, are shown adjacent the appropriate curves in Figure 10. 



Tr^=l6days 



FIGURE 10,( Exp't #5 1 
El imination of 
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D. Distribution of Radionuclides 
Accumulated by P. af finis 



1. Removable and non-removable 
radioactivity (Experiment-6) 



The average fractions of strontium-85 and zinc-65 removed from 
radioactive P* af finis by preservative (formalin) solutions were 80% of 
the initial amphipod body burdens. An average of 43% of the accumulated 
manganese-54 was removed from experimental animals stored in formalin 
solutions. The standard deviations associated with all estimates of the 
quantities of removable and non-removable radionuclides were less than 73 



2. Radionuclides in the exoskeleton of 
P. af finis (Experitnent-7) 



Microscopic examination of the chemically excised exoskeletons 
(Figure 11) of P. af finis revealed some undissolved soft tissue inside 
some shells. These were manually removed from the sample. The remaining 
exoskeletons were separated and analyzed for gamma radioactivity. Mea- 
surable quantities of zinc-65 and manganese-54 were not detected in any 
group or in the combined group of shells. A single measurement which 
indicated that 12% of the accumulated strontium-85 was in the exoskeleton 
could not be duplicated. 



E. Influence of certain environmental factors 
on the Accumulation of Radionuclides by 
Pontoporeia affinis 



1. Temperature effects (Experiment-8) 

The temperature response curves in Figure 12 show the effects of 
temperature on the accumulation of strontium, manganese and zinc by 
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FIGURE 11. CHEMICALLY EXCISED EXOSKELETONS OF PONTOPOREIA 
AFFINIS. 
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(Experiment #8) 
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P| af finis * Over the range of temperatures from 3° C to 13° C significant 
variations in the accumulation of manganese-54 and strontium-85 were not 
observed in P. af finis * The reduction in accumulation was more pro- 
nounced in the case of zinc-65, but also not statistically significant. 
Many of the amphipods maintained at 20** C did not survive and others 
appeared sluggish. The radionuclide accumulation was not determined for 
these animals. 

2. pH effects (Experiment-9) 

The curves in Figure 13 show that the accumulation efficiencies of 
strontium, manganese and zinc in P. af finis were increased when the pH of 
aquaria waters was increased from 5.5 to 7.8. The accumulation of 
manganese increased further when the pH was raised to 9.3 while accumula- 
tion efficiencies for strontium and zinc realized at pH 7.8 were reduced 
by 93%, and 60% respectively. 



3. Results of radionuclide routing 
experiment (Experiment-10) 



The final distribution of radionuclides used in the routing experi- 
ments is shown in Table 5. The quantities of radionuclides in P. af finis 
reported in this table were amounts taken up in 12 hours less the gut 
content. The percentages of radioactivity removed by P. af finis indicate 
the efficiency with which the amphipods accumulated radionuclides origi- 
nally located in the different phases of their laboratory environments, 
i.e. water, sediment, and sterilized sediment. 

Strontium-85 is accumulated most effectively by way of the water 
route. The introduction of bacterlally active sediment into the labora- 
tory environments reduced the strontium accumulation efficiency 
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FIGURE 13. VARIATION OF RADIONUCLIDE ACCUMULATION BY 



PONTOPOREIA AFFINIS WITH pH.AT TEMPERATURE = IQOC. 
( Experiment #9 ) 
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demonstrated in water by Pontoporeia by 30%. The accumulation efficiency 
°^ P' af finis for strontium-85 associated with radioactive sediment was 
increased by 29% when the sediment was sterilized. 

Laboratory environments containing only radioactive water consti- 
tuted the most efficient route for the accumulation of manganese-54 by 
P. af finis . This efficiency was reduced by 27% with the introduction of 
bacterially-active sediment. The efficiency with which P. af finis 
accumulated manganese-54 from sediment was reduced by 47% by sterilization 
of the sediment. 

Zinc-65 was most effectively accumulated by P. af finis from labora- 
tory environments containing only radioactive water. The introduction of 
bacterially-active sediment reduced this efficiency 33%. P. af finis 
accumulation efficiency for zinc-65 in the sediment was decreased by 63% 
by sterilizing the sediment. 

The 12-hour accumulation multiples for P. af finis and radionuclides 
involved in all routing tests are shown in Table 6. Accumulation multi- 
ples for strontium-85, manganese-54 and zinc-65 located in the bacterially 
active sediment are greater than those realized via other routes. 



4. The influence of settled organic matter on 
radionuclide accumulation by P. af finis 
(Experiment-11) 



P. af finis exposed to radioactive algae associated with the sedi- 
ment in test aquaria did not accumulate significant quantities of 
manganese-54 and zinc-65 until some decomposition of the algae had taken 
place. The quantity of strontium-85 accumulated by P. af finis in this 
experiment did not vary significantly when the algae substrate was aged. 
Figure 14 shows the results of all tests in this experiment. The 
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accumulation multiples realized by P> af finis during 12 hours exposure at 
lO"" C to 10-day old radioactive algae were 54, 2,000 and 725 for 
strontium-85, manganese-54 and zinc-65 respectively. 

5. The influence of amphipod size on radio- 
nuclide accumulation (Experiment-12) 

The experimental results given in Table 7 indicate that the average 
concentrations of all radionuclides used were greater in small (3.5 mg 
wet weight) P. af finis than in larger (6.0 mg wet weight) amphipods. 
Consideration of statistical variations indicate, however, that these 
differences are not highly significant. 

TABLE 7 

ACCUMULATED RADIONUCLIDES IN P. AFFINIS 
AS RELATED TO SIZE (EXPERIMENT-12) 





Average Accumulated radioactivity, cpm/mg +0.95 Error 


Average Amphipod 
Wet Weight, mg 


Strontium-85 


Manganese-54 


Zinc-65 


3.5 
6.0 


A2 + 21 
30 + 17 


53 + 26 
21+8 


71 + 29 
48 + 19 



CHAPTER VI 



DISCUSSION OF RESULTS 



The facts presented in Chapter III of this dissertation concern 
the ecology of P, af finis in Lake Michigan. They establish that P^. 
aff inis is the most abundant and widely distributed benthic organism in 
Lake Michigan, and that the amphipod lives longer than 1 year. Alley 
(1968) reports that although adult P. aff inis are strong swimmers there 
was no apparent migration between sampling areas approximately 4 m apart. 
The foregoing facts indicate that P. af finis meets two of the criteria 
for a suitable monitor organism stated in the introduction. There is the 
additional advantage that routine sampling and analyses of P. aff inis 
could reflect seasonal variations in environmental radioactivity. It is 
also possible and may in certain instances be desirable to transplant 
P. aff inis from their natural habitat to other locations in Lake Michigan 
for investigative purposes. 

The radionuclides accumulated by P. aff inis have been observed at 
significant levels in other marine and fresh-water benthic organisms. 
More often these radionuclides have been part of enzymatic systems, 
trapped between muscle fibers or within the crystalline structure of 
calcareous tissue. The naturally occurring concentration factors deter- 
mined in the present study for strontium, manganese and zinc in P^. 
aff inis were of the same order of magnitude as corresponding concentra- 
tion factors in other fresh-water invertebrates. Some of these values 
were compared in the following table: 
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TABLE 8 
CONCENTRATION FACTORS IN FRESH-WATER INVERTEBRATES 



Organism 



P. af finis (amphipod)^ 

Hydropsychidae 
(caddis fly larvae)° 

Daphnia magna 
(cladoceran)c 

Axiopas (amphipod) 
Lampsilis radiata (clam)^ 




Manganese 


Zinc 


5,840 


3,540 


4,700 


6,000 


— — 


2,000 


2,400 


4,100 



- Not determined. 
^Present study (Table 4) 
'^Watson (1967) 
^Marshall et al. (1964). 
^Phelps et al. (1969). 
^Harvey (1969). 

Sampling procedures for benthic organisms used by scientists of 

the University of Michigan's Great Lakes Research Division involved 

2 
approximately 0.2m of bottom surface. The standing crop of P. af finis 

within the sampling area equaled 2.6 g (wet weight). The second of the 
criteria for a suitable monitor organism stated in the introduction to 
this dissertation requires that the 2.6 g of P. af finis must contain at 
least that quantity of a radionuclide in 3.5 liters of lake water. 
Therefore, the minimum concentration factor needed to monitor a radio- 
nuclide using P. af finis is 1,350. The concentration factors for 
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manganese and zinc determined in this study were above the minimum level, 
but the concentration factor for strontium in P> af finis was well below 
the required level. 

The loss of each accumulated radionuclide by P. af finis was 
characterized by two modes of elimination. The portions of each accumu- 
lated radionuclide eliminated at the faster rates (Experiment 5, p. 38) 
were approximately equal to the removable fractions of accumulated radio- 
activity measured in Experiment-6. Based on the assumption of the first 
order reaction kinetics (Polikarpov 1967 and Marshall et al. 1964) the 
times required for P. af finis to reach a steady-state condition with 
respect to the laboratory environment was estimated using Tcq values from 
Figure 10. Manganese-54 and Zinc-65 would reach 99% of their equilibrium 
values in 10 days, and 23 days would be required for the equilibration of 
strontium-85 in P. affinis . These attainment times satisfy the require- 
ment for equilibration in 1 month. The recycling of radionuclides to 
P. affinis from contaminated sediment (Figure 10, dashed curves) demon- 
strates the influence of sediment on the measured amounts of radionuclides 
i^ P* affinis . The extended elimination times caused by this recrycling 
improve the "memory" of P. affinis for contaminating events. The maximum 
accumulation multiples for strontium-85, manganese-54 and zinc-65 in 
P. affinis observed in Experiment-4 were significantly lower than the 
corresponding naturally occuring concentration factors. This was probably 
due to absence in the laboratory environments of the biological mechanisms 
responsible for the sustained transport of radioactive organic material 
from the overlying water column to natural benthic environments. 

The stable element measurements of Experiment-3 indicated that 
there were natural factors which limited the transfer of strontium. 
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manganese and zinc from ?. af finis to L. cephalus , i.e., up the food 
chain. Possible explanations of this situation would be the movement of 
L. cephalus and/or the presence of zinc in tissues of P. af finis which 
are indigestable to L. cephalus . Despite the inefficient nature of the 
transfer of zinc-65 from P. af finis to L. cephalus this transfer may be 
the critical factor in the food chain involving man. As the results of 
Experiment-3 indicated, the maximum permissible continuous consumption 
of the flesh of L. cephalus (chubs) at equilibrium with MPC levels of 
zinc-65 in lake water would be 4.0 g/day, i.e., approximately 4 lbs per 
year. It is highly probable that people who eat fish regularly (at 
least once per week) could consume 4 lbs of zinc-65 - contaminated fish 
flesh in 1 month or less. Since fish are not the only source of ingested 
radioactivity the consideration of zinc-65 contamination in L. cephalus 
is important. 

The results of the radionuclide routing tests (Experiment-10) and 
algae feeding (Experiment-11) revealed that environmental water was the 
source of strontium-85 accumulated by P. af finis . Routing tests also 
showed that the destruction of some biologic aspect of the sediment 
reduced the accumulation of manganese-54 and zinc-65 by P. af finis . The 
fact that the accumulation of manganese-54 and zinc-65 by P. af finis in 
experlment-11 increased geometrically with linear increases in the age 
of the algae substrate suggested that the amphipod's accumulation of 
these isotopes might have been directly related to the growth of 
bacterial populations since benthic amphipods have been observed by 
Wisen (1956) and Hargrave (1970) to consume bacteria found on the sur- 
faces of particulate organic material. 
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The variations of temperature (experiment-S) and amphipod size 
(experiment~12) observed in this study did not significantly alter the 
levels of accumulation of strontium-85, manganese-54 and zinc-65 by 
P, af finis . The reduction of strontium-85 and zinc-65 accumulation at 
pH 9.3 was probably due to the formation of CaCO^ and the co-precipitation 
of ionic zinc and strontium. The co-precipitation of ionic zinc on 
CaCO^ was observed by Bachmann (1963) . 

Radiation damage to experimental animals was considered negligible 
because the dose to P. af finis was 1.30 X 10""^ RADS per hour (see calcula- 
tions, Appendix C) . This dose rate was well below the 0.32 RADS per hour 
observed by Marshall (1962) to cause the loss of filter-feeding capacity 
in the fresh-water crustacean Daphnia pulex . 



CHAPTER VII 

CONCLUSIONS 

The foregoing interpretation of experimental results observed 

during this investigation led to the following conclusions relative to 

the questions stated in the introduction to this dissertation: 

•'-• P* af finis is a suitable monitor organism for manganese-54 and 
zinc-65; 

2» P. af finis is not a suitable monitor organism for strontium-85 
or either of its longer-lived isotopes, strontium-89 or 
strontium 90; and 

3. The quantity of radionuclides in the flesh of L. cephalus 
(chubs) did not constitute a radiological health hazard to 
man. However, continuous consumption of more than 4 g per 
day of L* cephalus in equilibrium with water containing 
lO"^ yCi/ml of zinc-65 would constitute a radiological health 
hazard. 

The observations made during the present investigation and the 
experimental results presented here indicate that research into the fol- 
lowing areas would yield answers to other questions of radioecological 
importance: 

1. efficiency of radionuclide transfer from radioactive P, af finis 
to edible fish flesh 

2. radionuclide accumulation by P. af finis from labeled aquatic 
bacteria 

3. suitability of other sessile aquatic organisms, i.e., clams, 
benthic worms, periphyton, etc. , for localized use as monitor 
organisms 

4. effects of long exposure to low concentrations of radioactive 
substances in the benthic environment on the population dynamics 
of P. af finis. 
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APPENDIX A 



CHEMICAL ANALYSES OF LAKE MICHIGAN WATER 



TABLE 9 



ANALYSES OF LAKE MICHIGAN WATER (PPM) 





1907* 


1969** 


Calcium 


26 


36 


Magnesium 


8.2 


12 


Sodium-Potassium 


4.7 


5.4 


Chloride 


2.7 


11 


Sulfate 


7.2 


18.5 



*See Ayers (1962) . 
**Callendar, U. of M. Great Lakes Res. Div, 



65 



66 



TABLE 10 
TRACE ELEMENT CONCENTRATIONS IN LAKE MICHIGAN (PPB) 



Element 


(1) 


(2) 


Manganese 


2.0 


2.5 


Iron 




15 


Copper 


5 


2.9 


Nickel 


5 


6.0 


Zinc 


10 


10 


Strontium 




110 


Cobalt 




3.1 



(1) Reported by Rossman (1969) . 

(2) Present study. 



APPENDIX B 

CALCULATION OF INTERFERENCE CORRECTIONS FOR 
COMPOUND GAMMA SPECTRA 



For strontiuin-85, manganese-54 and zinc-65 we can define the fol- 
lowing interference factors: 

F s §B. s contribution of strontium-85 source to Mn portion 

Mm contribution of inanganese-54 source to manganese-54 
portion of the gamma spectrum • 

Other factors are: 

Fsm = Ms/Ss, Fzm = Mz/Zz, Fmz = Zm/Mm 

Fsz = Zs/Ss, Fzs = Sz/Zz 
Selected photo peak areas from 100 channel (0.02 Mev/Ch.) gamma spectrum: 

Strontium-85 (0.51 Mev gamma) - Channel 21 - 29 

Manganese-54 (0.84 Mev gamma) - Channel 38 - 46 

Zinc-65 (1.12 Mev gamma) - Channels 51-59 
From gamma spectra for 0.93 yCi strontium-85, 1.07 yCi, manganese-54 and 
3.70 yCi zinc-65: 

Sm = 1,337 cpm Zz = 6,133 cpm Ss = 5,513 cpm 

Mm = 5,194 cpm Sz = 1,974 cpm Zs = cpiA 

Zm = 24 cpm Mz = 1,238 cpm Ms = 86 cpm 

The following ratios are determined: 

Fms = 0.257 Fsm = 0.016 Fzm = 0.203 

Fmz « 0.005 Fsz = 0.001 Fzs = 0.322 
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The following equations can be written to express the net observed count: 
Net count observed in the strontium-85 area of the gamma spectrum, 
Ns = Ss - Fms Mn - Fzs Zz 

Net manganese-54 count, Nm = Fsm Ss - Mm - Fzm Zz 
Net zinc-65 count, Nz = Fsz Ss - Fmz Mm - Zz 
The net count due to the strontium isotope in the region of the strontium 
peak can be expressed as the determinant: 

Ns Fms Fzs 
Nm 1 Fzm 
Nz Fmz 1 



Ss = 



1 Fms Fzs 
Fsm 1 Fzm 
Fsz Fmz 1 



Likewise the net counts for 54 Mn and 65 Zn can be expressed as determi- 
nants : 

1 Ns Fzs 1 Fms Ns 

Fsm Nm Fzm Fsm 1 Nm 

Fsz Nz 1 Fsz Fmz Nz 
}jni = Zz = 



1 


Fms 


Fzm 


Fsm 


1 


Fzm 


Fsz 


Fmz 


1 



1 Fms Fzs 
Fsm 1 Fzm 
Fsz Fmz 1 

Expansion of these determinants and substitution of the interference 
factors yield the following set of simultaneous equations for the net 
count rates due to 85g , ^^Mn ^^^ ^^Z ' 
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(1) Ss = 1.005 Ns - 0.257 Nm - 0.273 Nz 

(2) Mn = 1.005 Nm - 0.06 Ns - 0.199 Nz 

(3) Zz = 1.002 Nz - 0.001 Ns - 0.005 Nz 

The interference corrected activities stated in the experimental results 
of this investigation were all obtained through solution of the above set 
of equations. 



APPENDIX C 



CALCULATION OF LABORATORY DOSE RATES 
TO PONTOPOREIA 



Internal Gamma-ray Dose- Rate r 

Maximum concentrations realized in laboratory animals used in 
accumulation experiments (page 24) were as follows: 
Strontium-85, 4.34 X 10"3 yCi/g; 
Manganese-54, 8.60 X 10""^ PCi/g; and 
Zinc-65, 4.4 X 10""^ yCi/g (weighted for y-abundance) . 

C, total concentration of y-emitting radionuclides = 17.3 X 10"^ yCi/g 

q, total body burden of gamma activity = 17.3 X 10"^ ^^) (0.005 g) 

= 8.65 X 10~8 mCi 

E , average gamma-ray energy = (0.51 4- 0.84 H- 1.14) Mev 
^ 3 

=0.84 Mev 
*Gamma-ray dose-rate constant, r 



Pa 9 
170 — Er, cm^ - rad/mCi - hour 



y 

where —9: » true mass absorption coefficient of tissue, assumed to 
P be equivalent to water. 

= 0.03 cm^/g 
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r = 170 (0.03) (0.84) = 4.30 cin2 - rad/mCi - hour 

r, mean radius of the organism = 0.05 cm 

*R , absorbed gamma-ray dose-rate to P. af finis in Experiment-4 



= q/r^, rads/hour 

|4.30 cm2 - rad [ [ 8.65 X 10-8 \ 
R = mCi - hour/ 1 mCi / 



(.0025 cm2) 
= 1.5 X 10""^ rad/hour 



Internal Beta Dose-Rate : 

Average zinc-65 beta energy, Eg = 0.108 Mev 

C, absorbed beta activity == (Max. amphipod activity X beta abundance) 

(10"2 yCi/g X 0.56) = 5.6 X 10"3 pCi 

g 

*Rg9 absorbed beta dose-rate to P. af finis in Experiment-4 = 

Rg = 2.13 EC rad/hour 

= 2.13 (0.108) (5.6 X 10"3) rad 

hour 

= 1.30 X 10""3 rad/hour 



*Dose-rate formula from: Hine, G. J. and Brownell, G. L., 
Radiation Dosimetry , Academic Press, N. Y. (1956) Chapter 17, 801-870, 



